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ABSTRACT

The plateau is a special environment with low air pressure and low oxygen content. The average
altitude of Qinghai-Tibet is 3,500 m, and the atmospheric oxygen partial pressure in most areas is
lower than 60% of that at sea level. In order to adapt to the plateau low-oxygen environment, the
human body has developed corresponding physiological structure and functions adjust. In the
present review, the regulation mechanism of cerebral blood flow (CBF) under high-altitude
environments was elaborated in eight aspects: the arterial blood gas, endogenous substances
in the nerve and blood, the cerebral neovascularization, the hematocrit, cerebral auto-regulation
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mechanism, cerebrovascular reactivity, pulmonary vasoconstriction, and sympathetic automatic
regulation, aiming to further explore the characteristics of changes in brain tissue and cerebral

blood flow in a hypoxic environment.

Introduction

The brain tissue is extremely sensitive to the
changes in oxygen demand and oxygen partial
pressure. Under the condition of acute hypobaric
hypoxia, the body can guarantee the brain oxygen
supply and energy by strengthening the ventila-
tion, accelerating the heart rate, increasing the
blood pressure, and changing the arterial blood
gas balance. Acute low pressure and hypoxia can
stimulate the nervous and endocrine system may
be stimulated and result in the release of cytokines,
such as an endothelium-derived nitric oxide (NO),
which leads to the contraction of blood vessels
(including the cerebral vessels) in the whole
body, thus accelerating the speed of cerebral
blood flow (CBF) [1]. With the gradual adaptation
to the high-altitude environment, the cerebrovas-
cular reactivity and the vasomotor function can
gradually be restored, and the CBF may gradually
reduce to the level close to the normal range [2].
Although there exist differences in the CBF among
individuals, the trend of CBF changes is basically
the same after moving into the plateau from the
plain [3]. The regulation of CBF is complicated
under the hypoxia environment at high altitudes,

which include the regulations at the physiological,
biochemical, and molecular levels.

It has been proven over years that the change of
CBF is controlled by the tension of the vascular
smooth muscle, which is affected by many factors
such as the nerves, the body fluids, the metabo-
lism, and the physics, thus forming the complex
regulatory networks characterized by a number of
vasoconstrictors and vasodilators released by the
endothelial cells and nerve cells, such as NO [4],
the prostaglandins, natriuretic peptide,'and the
endothelin-1 [5]. The above endogenous sub-
stances are activated under different physiological
stimulations and cause contraction or relaxation of
the vascular smooth muscle by changing the con-
centration of the intracellular calcium and regulat-
ing the potassium channel. These physiological
stimuli include the circulating substances such as
PaCO,, PaO,, pH, lactate, glucose, adenosine [6],
and postganglionic neurotransmitters such as NO,
acetylcholine, vasoactive peptide, calcitonin gene-
related peptide, and noradrenaline.

The cerebrovascular response induced by the
environmental hypoxia can be roughly divided
into two parts: the acute hypoxia response
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(seconds to hours) and short-term to long-term
hypoxia response (days to years). The time-depen-
dent change of CBF has been confirmed in the
study of early altitude acclimatization.
Severinghause et al. first reported in 1966 that
compared  with CBF at sea  level
(CBF =42 + -2 ml (100 g)flminfl), CBF increased
by 24% (51 + —4 ml (100 g)_lmin_l) while engaged
in 6-12 hours of abrupt highland advancing
(3810 m) [7]. However, the increase in CBF was
only 13% 3-5 days later [8]. The ventilatory accli-
matization was consistent with the decrease of
CBF. The above studies suggested that CBF
would peak in 2-3 days after arriving at the pla-
teau, and then return to near what it would be at
sea level within 1-3 weeks. The adjustment of CBF
is also affected by many factors, which are briefly
described as follows:

The effects of arterial blood gas

Hypoxia can cause cerebral vasodilation and hypo-
capnic cerebral vasoconstriction. The hypobaric
and hypoxic environment at high altitude may
lead to a decrease of arterial PO,. The individual
can reverse the tissue hypoxia by improving the
ventilation function. The individual with signifi-
cantly improved ventilation function may increase
the arterial PO, and decrease the PCO,. Lucas
et al. reported that the changes in the arterial
blood gas greatly affected the changes of CBF at
high altitude (~40%). Hypoxia can cause cerebral
vasodilation and hypocapnic cerebrovascular con-
striction. At the same time, some studies have
found that cerebral vasoconstrictor-diastolic
response to hypoxemia and hypocapnia is different
in different stages of the altitude adaptation. The
vasoconstrictor-diastolic response caused by the
changes of PCO, may affect the sensitivity of ven-
tilation [2]. The increase in blood pressure caused
by hypoxia and brain auto-regulation may also
affect the increase of the initial CBF. In conclu-
sion, under the high-altitude environment, the
individuals with a high ventilatory response may
manifest as an increased PaO,, decreased PaCO,,
and a significantly increased CBF. Individuals with
inactive ventilatory responses have significantly
reduced CBF [9].

It had also been found that although the CBF
was reduced after the initial 3-5 days of adaptation
to the high-altitude environment, the brain tissue
had sufficient oxygen supply [10]. These indicated
that the change of CBF was not the only factor to
maintain sufficient oxygen supply in the brain
tissue in the long-term under the hypoxia envir-
onment at high altitude, and other more complex
and precise mechanisms might be involved.

It was proposed by Severinghouse in 2001 that
the disorder of the acid-base balance of cerebrosp-
inal fluid (CSF) might be another important factor
for the decrease of CBF during the process of
adaptation to hypoxia at high altitude. But until
now, there has been no study concerning the rela-
tionship between the change of CSF index and the
change of CBF. It should not be ignored that the
CSF is an important body fluid which can directly
reflect the brain metabolism. Therefore, the study
and analysis of CSF in the high-altitude adaptive
and non-adaptive population will provide more
direct data supporting the study of the adaptation
and injury mechanism of brain tissue under the
hypoxia environment at high altitudes in the
future.

The effects of the endogenous substances in the
nerve and blood

The regulation of CBF caused by hypoxia and the
cytokines, endocrine substances, signal substances,
proteins and blood oxygen concentration induced
by hypoxia constitute a complex regulatory net-
work. Golanov et al. suggested that the increase of
CBF was closely correlated with the hypoxia
induction initiated and passed by the neural
response network and the blood oxygen concen-
tration of the brain stem [11]. There are also many
hypoxia-induced cytokines, endocrine substances,
signaling substances, and proteins (Figure 1)
involved in the formation of a complex regulatory
network, see Figure 1 for details. However, due to
the particular nature of brain tissue, the molecular
mechanism of CBF regulation remains unclear.
Current studies have found that the peripheral
blood transcriptome can largely reflect brain
nerve activity [12]. Therefore, with further study
of the transcriptome related to the metabolic ion
channels of the peripheral blood and brain, it is
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Figure 1. Factors influencing the changes of CBF in a hypoxic environment.
VAH: Ventilation acclimatization of hypoxia; CBF: cerebral blood flow; CBV: cerebral blood volume; MAP: mean arterial pressure; CA:

cerebral auto-regulation;NO: Nitric oxide; PGE: Prostaglandin; EDHF: Endothelium-dependent hyperpolarizing factor;

SNA:

Sympathetic nerve activity;HCT: Hematocrit; ET-1: Endothelin-1; O, ~: Superoxide

possible to reveal the molecular mechanism of
cerebral blood flow regulation.

The effects of neovascularization in the brain

Exposure to low oxygen environment causes new
capillaries to appear in the brain. In mammalian
studies, it was found that after exposure to hypoxia
for 1-3 weeks, the density of cerebral capillaries
doubled, indicating that neovascularization was a
very important regulatory mechanism in adapting
to hypoxia [13]. Hypoxia-induced angiogenesis
might increase CBF [14]. Despite the lack of
human experimental data in this area, it is confirmed
that the hypoxia-induced increase of CBF is closely
correlated with an increase in capillary density [15].

The effects of hematocrit

High altitude low pressure and low oxygen envir-
onment can cause the body’s blood hemoglobin
(Hb) and hematocrit (Hct) to increase, resulting in
a decrease in cerebral blood flow. The hypobaric

and hypoxic environment at high altitudes may
lead to the gradual increase of blood Hb and Hct
[16]. The interaction mechanism between the CBF
and red blood cells may be related to the following
reasons: The increase in RBC will lead to the
increase of the blood concentration, viscosity,
aggregation, and plasma viscosity, together with
the changes of viscous friction, which may result
in the increased resistance of cerebral vessels [16],
and the slowing down in blood flow speed, causing
the cerebral blood flow to drop.

The influence of the CA mechanism

Cerebral auto-regulation (CA) is an important
mechanism of cerebral blood flow regulation. CA
mainly regulates the diameter of the cerebral artery
to ensure that CBF can fully supply the metabolic
needs of the brain tissue, which is relatively unaf-
fected by the peripheral blood pressure. So far, it can
be affirmed that this mechanism is a complex reg-
ulatory network that is involved in the myogenic
regulation, metabolism-related regulation, and
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neurogenic regulation at the same time. The injury
in the CA was found in individuals who moved to
the plateau, lived at an altitude of more than 4000
meters, and suffered from acute mountain sickness
[17-20]. The injury of CA may lead to over perfusion
and angioedema, which will result in the damage of
the blood-brain barrier [21]. Under the condition of
CA injury, the increase of blood pressure will lead to
an increase of pressure-dependent CBEF. It is very
important to clarify the regulatory mechanism of
CA for screening the susceptible population of
acute mountain sickness.

The influence of the cerebrovascular reactivity

Cerebral vascular reactivity (CVR) changes signif-
icantly under high altitude and hypoxic condi-
tions, and is an important factor in the
regulation of cerebral blood flow. The cerebrovas-
cular reactivity (CVR) refers to the ability of the
cerebral vessels to relax or contract under the
influence of various relaxing or contracting fac-
tors. Some studies have shown that the response
of CBF to hypercapnia is weakened or even dis-
appeared at high altitude, while the response to
hypocapnia is abnormally increased [22-25]. It has
also been reported that compared with that of the
healthy population at the same altitude, the
response of CBF to hypocapnia was increased,
and the response to hypercapnia was decreased
significantly [26]. It might be concluded that the
degree of the changes in CBF is correlated with the
intensity of vasodilation caused by hypoxia and
vasoconstriction ~ caused by  hypocapnia.
Therefore, CVR has a great influence on CBF
under the hypoxia environment at high altitudes.

The influence of the pulmonary vasoconstriction

The change of pulmonary vascular tension will
affect the function of cerebral vasoconstriction
and vasodilatation under the condition of hypoxia
at high altitudes, thereby affecting cerebral blood
flow. Hypoxia may lead to pulmonary vasocon-
striction, increased pulmonary tissue system pres-
sure [27], and increased pulmonary vascular
resistance, which may result in cardiac dysfunc-
tion, such as increased ventricular and atrial pres-
sure at the end of the diastolic period of the right

ventricle, and eventually lead to reducing the left
atrial filling [27]. At the same time, the increased
right atrial pressure may result in venous return
obstruction, cerebral venous return obstruction,
and brain edema [28], which reduces cerebral
blood flow. Pulmonary vasoconstriction may affect
the left ventricular filling, resulting in left ventri-
cular dysfunction and reduced cardiac output. It is
found that there is a positive correlation between
the change of cardiac output and CBF [29]. Thus,
the pulmonary vasoconstriction and the impair-
ment of cardiac function will change the function
of the cerebral vasoconstriction and relaxation at
high altitude, and affect the regulation of CBF.

The influence of the sympathetic auto-regulation

The regulation of sympathetic nerves in cerebral
blood vessels may protect the blood-brain barrier
and reduce the possibility of cerebral edema. The
function of the sympathetic nerve in vascular regula-
tion is mainly to promote the contraction of arter-
ioles, but it is relatively weak in the central nervous
system. Some studies have found an increased sym-
pathetic activity at high altitude [30]. In the study of
animals and human beings, it is suggested that when
the CA regulation is out of control, the sympathetic
nerve in cerebral circulation may regulate the vaso-
constriction and has a protective effect on the blood-
brain barrier [29]. This indicates that the regulation
of the sympathetic nerve may protect the blood-
brain barrier and possibly reduce the occurrence of
brain edema in the early stage of mountain sickness.
However, there are many disagreements concerning
the role of sympathetic activity in the CBF regula-
tion. The enhancement of the sympathetic activity in
the resting state has a great limitation on the regula-
tion of CBF [31]. The regulation of the sympathetic
activity may be covered by other more direct and
obvious factors. At present, the regulation of the
sympathetic nerve on CBF at high altitude is still
lacking experimental data that can explain its effect.

Limitations

The regulation mechanism of CBF is complex, and
there are many intervention factors under the
hypobaric hypoxic condition at high altitudes. In
recent years, the research concerning CBF is



mainly focused on the small sample study of the
people who moved into the plateau and the people
who lived in the plateau for a long time [1]. This
research included the study of simulated hypoxia
environments, hypobaric hypoxic environments,
and field research at high altitude areas. The dura-
tion of the hypoxic stimulation varied from several
minutes to several weeks [10,32,33]. At the same
time, the CBF evaluation methods and the types of
hypoxia exposure were inconsistent, and the sam-
ple size was relatively small. The discrepancy of the
results might be caused by the above rea-
sons [1,34].

Conclusion

To sum up, in the high altitude hypoxic environ-
ment, the body passes through the decrease of
arterial oxygen content and the increase of arterial
CO,, the increase of capillary density and cerebral
blood volume, the increase of central arterial pres-
sure, and endogenous substances such as epi-
nephrine and adenosine, Angiotensin II, etc. The
release of vasodilator factors such as nitric oxide,
prostaglandin, endothelium-dependent hyperpo-
larizing factor, etc. can relax the cerebral blood
vessels, thereby increasing cerebral blood flow.
On the contrary, the increase in arterial oxygen
content and the decrease of arterial CO,, the
decrease of blood PH, the increase of cerebral
sympathetic nerve excitability, the increase of
hematocrit, the release of norepinephrine, and
the vasoconstriction factors such as endothelin-1
and peroxide can contract cerebral blood vessels
and reduce cerebral blood flow, thereby achieving
regulation of cerebral blood flow.

In view of the limitations of previous studies, we
look forward to more research on cerebral blood
flow in high altitude hypoxic environment in the
future, such as research on altitude hypoxic adap-
tation in a natural high altitude experimental
environment. So as to explore the regulatory char-
acteristics of the brain tissue and blood flow under
the hypoxic environment at high altitude, explore
the regulatory mechanism from the molecular
level to the physiological level, and provide a the-
ory for disease prevention of high-altitude practi-
tioners together with the prevention and treatment
of chronic mountain sickness in the future.
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Highlights

(1) This paper summarizes the regulatory
mechanisms of cerebral blood flow in the
special environment of low pressure and
low oxygen at plateau.

(2) It is found that the human body adapts to
the low oxygen environment of the plateau,
and the corresponding habitual regulation
occurs.

(3) The adjustment of cerebral blood flow is
affected by many factors.
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